The development of techniques that could be useful in fields other than biological warfare agents countermeasures such as medical diagnostics, industrial microbiology, and environmental applications have become a very important subject of research. Raman spectroscopy can be used in near field or at long distances from the sample to obtain fingerprinting information of chemical composition of microorganisms. In this research, biochemical components of the cell wall and endospores of Bacillus thuringiensis (Bt) were identified by surface-enhanced Raman scattering (SERS) spectroscopy using silver (Ag) nanoparticles (NPs) reduced by hydroxylamine and borohydride capped with sodium citrate. Activation of "hot spots", aggregation and surface charge modification of the NPs, was studied and optimized to obtain signal enhancements from Bt by SERS. Slight aggregation of the NPs as well as surface charge modification to a more acidic ambient was induced using small-size borohydride-reduced NPs in the form of metallic suspensions aimed at increasing the Ag NP-Bt interactions. Hydroxylamine-reduced NPs required slight aggregation and no pH modifications in order to obtain high spectral quality results in bringing out SERS signatures of Bt.
Introduction
Bioterrorism's high potential for destruction has become a subject of great concern. Fast, efficient, and inexpensive detection techniques for microorganisms have become a very important subject in areas of national defense and homeland security. Techniques such as conventional Raman spectroscopy (RS) and surface-enhanced Raman scattering (SERS) require a minimum amount of sample for a fast detection [1] so that they can be implemented in near field or at long distances from the sample by obtaining fingerprinting information of the chemical composition of microorganisms. The time required for identification of pathogens is a determinant factor of infection related sickness. The development of these techniques could be useful in fields other than biological warfare agents countermeasures such as medical diagnostics [2] , industrial microbiology [3] , and environmental applications [4] .
Bacillus thuringiensis (Bt), a Gram-positive bacterium, is widely renowned for its toxicity on insect larvae and is commercially used as insecticide. Bt, as a bacillus species, has a bacterial life cycle in which it grows as vegetative cell forming endospores as defense mechanism. The bacterial cell wall contains a peptidoglycan layer responsible for strengthening the wall. This rigid layer in a Gram-positive species cell wall is typically much ticker. The peptidoglycan layer contains alternating repeats of N-acetylglucosamine (NAG) 2 International Journal of Spectroscopy and N-acetylmuramic (NAM) acid. It encloses a group of molecules called teichoic and lipoteichoic acids, which are unique to Gram-positive bacteria cell wall. Bt produces a crystalline protein during sporulation called parasporal body that is converted to a toxin by proteolytic cleavage in the larval gut.
Endospores are able to tolerate extreme environments, thus making them suitable for transporting before or during a biological attack. The bacterial endospores contain several well-known layers, from internal to external location. Among these are the cortex, the core wall, the spore coat, and the exosporium. Biochemical components of these layers include sugar chains, short peptides of peptidoglycan, polypeptides, fatty acids (lipids), carbohydrates, and proteins. In the core, thick layer of proteins, dipicolinic acid, and calcium ions normally exist in the form of a calcium-dipicolinate complex that stabilize and protect the genetic material of the endospore [5] [6] [7] . Biological samples as virus [8] , pollen [9] , essential components of bacterial cell wall, and bacterial endospores have been studied by SERS effect using Ag or Au metallic colloids to optimize procedures for detection, identification, and classification.
Citrate-reduced nanoparticles (NPs) have been widely used to classify and discriminate spores of different species by principal component analysis (PCA) of SERS spectra [10] . On the other hand, borohydride-reduced NPs have allowed Bacillus subtilis discrimination using SERS [11] . To increase the electrostatic interaction between the surfaces of the NPs with the bacterial cell-wall modifications to the surface charge of the NPs can be made, depending on the reducing agent of the metallic ions solutions [12] . Ag-borohydride NPs were modified by changing the pH of the colloid to obtain a more intimate interaction with the bacterial cell wall in which at low and high pH values (3.25 and 9.74) did not result in improved detection of Escherichia coli [13, 14] . Improved SERS signals at pH of 5 and higher were obtained for Bacillus Gram-positive species with citrate reduced nanoparticles [15] and for biological molecules with amine groups using hydroxylamine hydrochloride-reduced NPs [16] . The changes in NPs surfaces increase the formation of hot spots and consequently further augment of SERS effect that can be observed. To induce aggregation, pH changes as well as adding halide anions to the nanoparticles can also be used. The use of aggregation agents in SERS of bacterial samples was studied to allow the NPs-induced aggregation and to generate highly SERS-active interparticle spaces [17] . Bacillus thuringiensis detection has been studied by SERS using silver oxide films [18] , Au NPs covered by SiO 2 [19] , Ag colloids reduced by citrate [10] and by hydroxylamine hydrochloride [20] . However, Bt interaction with Ag-NPs capped with citrate and the optimization of the NPs to increase the SERS signals has not been reported in the literature.
The reproducibility and consistency of enhancement of vibrational signatures of microorganisms and their stability and dependence on morphology of SERS active substrates has also been studied in depth [19] . It is well known that the electromagnetic and chemical mechanisms of SERS produced by NPs upon interaction with analytes is in general determined by the intimacy of the interaction of the molecules to the surface plasmon field and the charge transfer at the "hot spots" sites. The optimization procedure for achieving maximum signals played an important role in the attainment of high Raman enhancements for Bt. Since no specific studies addressing these important issues of Bt using these sensing platforms were found, it was decided to study them. 
Experimental Section

Preparation of Ag-NPs.
Borohydride reduced Ag-NPs were prepared using the method of Keir, Sadler and Smith [21] using 1 mL of 1% sodium citrate. The method was modified by using citrate as capping agent to avoid colloidal precipitation. A typical synthesis consisted of dissolving 3.4 mg of NaBH 4 in 75 mL of UHP water that had been previously degasified with N 2 and cooled at 4
• C under vigorous stirring using rotating magnetic bar. Then, 1 mL of trisodium citrate was added to the flask. Finally, 9 mL of AgNO 3 0.0022 M was added at a rate of 20.5 µL/s and stirred for 45 min. Hydroxylamine-reduced Ag colloids were prepared by the method of Leopold and Lendl [22] by dissolving 10.44 mg of hydroxylamine in UHP water (1.67 × 10 −3 M) and 11.98 mg of NaOH 3.33 × 10 −3 M in UHP water and 90 mL of pure degasified water for 15 min while stirring with a magnetic bar. Then, 10 mL of 1.0 × 10 −2 M silver nitrate solution was added dropwise with constant nitrogen bubbling. Colloidal suspensions at different pH values were prepared using 0.1 and 0.01 M of both HCl and NaOH and the measurements were read using a pH meter.
Preparation of Bacterial
Sample. Pure culture of Bt stored at −80
• C in 20% glycerol was inoculated in LB agar plates and incubated at 32
• C overnight. After transferring pure culture to 5.0 mL LB broth in a culture tube, it was placed in an orbital shaker at 32
• C (∼120 rpm) during 24 hr. An Erlenmeyer flask (250 mL) was prepared with nutrient media and microorganism culture to a final volume of 25 mL to obtain an initial optical density at 600 nm (OD 600 ) of 0.025. Samples were collected after bacteria were cultured for 15 hr then centrifuged for 12 min at 8228 rcf and the supernatant International Journal of Spectroscopy 3 was discarded. The pellet obtained was washed twice with 5 mL of 0.1 M NaCl and finally resuspended in 0.1 M NaCl. The bacterial concentration used was 10 7 cfu/mL, and the OD 600 (Biophotometer, Eppendorf) was measured before and after centrifugation. The bacterial samples were stored at 4
• C until experiments were performed. Standard Biosafety Level 2 procedures were employed to handle, process, and discard the samples. Techniques such as Gram stain and Fulton-Schaeffer spore stain were used to characterize Bt.
Raman and SERS Sample Preparation.
Bacterial samples were transferred to glass capillary tubes (1.5 × 90 mm) using sterile, disposable needles and syringes to obtain the Raman spectra. A small amount of the bacterial solution dissolved in 0.1 M NaCl was used for normal Raman experiments. For SERS experiments, 200 µL of colloidal NPs suspensions (as prepared) were mixed with 25 µL of bacterial suspension in a microcentrifuge tube and vigorously shaken in a minivortex. Small amounts of the mixtures were transferred to the capillary tubes and SERS spectra were obtained. To further increase Raman signals by stimulation of formation of hot spots on aggregation of NPs, clustering was promoted by addition of 1.0 M NaCl to colloidal suspensions [23] . To adjust the pH values of colloidal suspensions, small amounts of HCl and NaOH with concentration of 0.01 or 0.1 M were added until obtaining the desired pH (1 to 13). Then, the mixtures were prepared for SERS experiments using the same procedure as described.
Measurements and Analysis
Instrumentation.
Ag-Nps were characterized by UV-VIS spectrophotometry and by transmission electron microscopy (TEM). Absorption spectra of the solutions were acquired using a Cary 5000 UV-VIS-NIR spectrophotometer (Varian, Palo Alto, Calif, USA). TEM images were recorded by in a model 1011 electron transmission microscope providing a resolution of 0.2 nm lattice with magnification of 50 to 10 6 under the accelerating voltage of 40 to 100 kV (JEOL, Peabody, Mass, USA). Samples were prepared by placing 1.0 µL of the Ag-NPs solution in ultrathin carbon film/holey carbon 400 mesh copper TEM grids (01824, Ted Pella, Inc., Redding, Calif, USA) and allowing the solvent to evaporate at room temperature. The grids were kept in desiccator to provide a dust-free environment. Raman experiments were done using a Raman Microspectrometer, model RM-2000, CCD camera, Leica LX microscope, 532 nm laser line, 10-50 s exposure time, 3 accumulations and a 10x objective lens in a spectra range of 100-3000 cm −1 (Renishaw Inc., Hoffman Estates, Ill, USA). White light microscopy images of samples were acquired in order to determine the content of the sample. An Olympus America, Inc. (Center Valley, Pa, USA) model BH2-UMA high resolution optical microscope designed for mineralogy studies and equipped with 10-250x magnification and a 6.0 MB PAX-Cam image capturing CCD camera controlled by PAX-it! Software (Midwest Information Systems, Inc., Villa Park, Ill, USA) was used to capture the white light micrographs. Most of the images captured were taken with 10x and 100x ultra long working distance objectives. Z-potential and hydrodynamic radius measurements were obtained using a Zetasizer Nano Series (Malvern Instruments Ltd., manufacturer, Worcestershire, UK).
Data Analysis.
All the normal Raman and SERS spectra obtained were analyzed using OPUS software (Bruker Optics, Billerica, Mass, USA) by applying baseline correction to allow a proper tentative assignment of vibrational bands. Spectra were normalized for intensity, laser power and acquisition time (counts·mW
Results and Discussion
Characterization of Ag-NPs.
Borohydride reducedcitrate capped Ag NPs suspensions had a yellowish color when present in an atomic silver concentration of ∼10 −4 M. The freshly prepared suspensions were slightly alkaline with a pH of 8.9 and an absorption maximum at 397 nm. The average diameter obtained from many TEM measurements was 19 ± 3 nm. Ag-NPs reduced with hydroxylamine were obtained after a few seconds and had a grayish-brown color with an atomic Ag final concentration of ∼10 −3 M. The freshly synthesized NPs colloidal suspensions obtained by hydroxylamine reduction were acid with pH of 5.7 and an absorption maximum at 437 nm. Average particle diameter was 28 ± 10 nm. Figures 1(a) and 1(b) show the UV-Vis spectra, the color of freshly prepared sols and the corresponding TEM images of the borohydride and hydroxylamine nanoparticles, respectively. 
Characterization of Biological
Raman and SERS Experiments.
Silver nanoparticles have a plasmon resonance in the visible (VIS) region (400-700 nm) of the electromagnetic spectrum with excellent match with laser lines located at 514.5 and 488 nm and solid-state diode laser at 532 nm. [24] However, by using the excitation lines located at 633 and 785 nm will be far away from the transverse plasmon band of the silver nano-particles prepared in this research. This fact will have a small contribution to the electromagnetic SERS effect. Biological samples presents a highly fluorescence effect that should be quenched before obtain the SERS spectra to obtain good SERS results. As mentioned in previous literature, the fluorescence of bacteria is "especially strong with 532-nm excitation, but some photobleaching is required even for near-infrared (NIR) excitation." [25] In this study, 10 to 50 s of exposure time were used to minimize the fluorescence problems of the biological samples.
The Raman spectrum of Bt at 15 hr of bacterial growth was contaminated with fluorescence from the presence of fluorophores commonly found in many biological compounds. However, important signals could be tentatively assigned from spectra acquired of a highly concentrated bacterial suspension (Figure 3 ) even though many of them appeared as low-intensity bands in a highly congested background.
International Journal of Spectroscopy and C=C at 1588 cm −1 . Most of the signals observed are related to calcium dipicolinate (CaDPA), which is the main component of the protective layers of the central core cell, the endospores [26] . To enhance the signal identification of the biological content and decrease the fluorescence of the bacterial content several aspects of the biomolecular system under study had to be taken into account. To begin with, SERS spectra in these systems result from the interaction of the metal NPs surface with the outer coating content of the cells. Due to poor signal definition and limited chemical information in the Raman spectrum of Bt, the volume and concentration of the NPs colloidal suspensions used, the sample amount and concentration of the biological system under study analyzed, the charge of the layer of NPs and the aggregation induction effects of the colloidal NPs had to be optimized. The affinity of the biomolecular sample (Bt) to Ag-NPs was improved resulting in enhancement of the signal to noise of the SERS spectra obtained. Also, a significant decrease in fluorescence present in the Raman spectra of this bacillus was observed. Details of these effects are clearly discussed in the next sections with dealing with Ag-NPs reduced by borohydride and hydroxylamine. Figure 4 clearly demonstrate the high signal enhancement of the vibrational modes of Bt when using borohydride reduced metallic suspension of NPs as SERS substrates. These small Ag-NPs have been used to successfully detect bacterial samples [13, 15, 17] . The biochemical composition of this bacillus sample could be identified mostly by the calcium dipicolinate (CaDPA) peaks that dominate the spore content among other bacterial wall content. The SERS spectrum of Bt (Figure 4(a) ) has characteristic peaks that can be tentatively assigned based on literature values as shown in Table 1 [10, 27, 28] . The affinity of these nanoparticles to Bt can be increased by a slight aggregation of NPs [17] and by surface charge modification of the NPs when a biosample that does not induce any aggregation is been used [16] . The use of aggregation agents at low concentrations, such as chloride, with borohydride-reduced NPs and biomolecular compounds [29] has been used to distribute the nanoparticles on the cell wall obtaining the activation of "hot spots" on the NPs surface [17] . Because the concentration used for aggregation purposes is a critical parameter, high concentrations of the aggregation agent of 1.0 M results in a decrease of the plasmon band of the nanoparticles as shown in Figure 5 and the gray color in Figure 6 (c), evidencing the oxidation of the NPs. The agglomeration does not occur uniformly as Ag NPs bind to only certain specific groups on the bacterial cell wall [30] causing a decrease of the close contact of the small NPs to the analyte and as a result a decrease of the SERS signal. The SERS spectrum of Bt using nanoparticles aggregated by chloride ions and the Raman spectrum of NPs aggregated by chloride anions (without Bt) can be observed in Figures 4(b) and 4(c), respectively. However, the lower concentration of NaCl in which Bt was already suspended (0.1 M) can have an influence on the activation of "hot spots" on NPs, inducing a closer, more 6 International Journal of Spectroscopy effective interaction with biological samples and consequently increasing SERS signals as shown in Figure 4 (a). It is advantageous to use the already existing concentration of NaCl instead of using the bacterial sample suspended in water (washing away the salt) or adding a higher concentra tion of NaCl as aggregating agent to increase the SERS enhancement effect. This was confirmed with slightly change in the color when Bt is added to the Ag-NPs (Figures 6(a) , and 6(b)). The surface chemistry of Ag-NPs can be altered by adjusting the pH of the sols and thus promoting adsorption of Bt on the SERS active substrates [13] [14] [15] [16] . At very low pH values of the colloidal suspension (pH < 2), the surface charge of the NPs began to be neutralized and at very high pH values the Ag colloidal NPs were oxidized resulting in precipitation [12] . At this time, the absorbance of the NPs colloids decreased and the interaction with the bacterial wall became poor. In highly acidic and basic pH sols were very unstable. NPs decrease in size and precipitated after approximately 2-3 hr. Aggregation of NPs was confirmed by the values of hydrodynamic radii (nm): 17.60, 15.57, 14.64, and 14.50 at pH of 3, 5, 7, and 9, respectively.
Borohydride-Reduced Ag-NPs. The SERS spectra shown in
As demonstrated in previous works [15] , when the pH of borohydride reduced colloidal suspension are adjusted to more acidic pH values with respect of the initial value of pH ∼ 9, the slightly negative charged induced by the citrate capping agent become slightly more positive with H + ions added and the zeta potential values are more positive confirming the hypothesis. Biochemical content in the bacterial cell wall is dominated by negatively charged compounds such as phosphates in teichoic acids and carboxylate anions from the dipicolinate complex. Thus, strong electrostatic interactions dominate binding of NPs with the bacterial cell wall content [17] . The positive charge on the NPs surface is appropriate for promoting interaction with Bt, increasing the SERS effect in the biomolecular system. Figure 7 shows the SERS spectra of NPs upon interaction with bacterial suspension at pH 3, 5, 7, and 9. The number of peaks obtained for the target microorganism is significantly larger and the spectral clarity of SERS spectra of Bt interacting with borohydride reduced NPs with pH adjusted and surface charge modified is noticeably greater. For the SERS spectra obtained at pH 5 to 9, the bands observed are better defined than at higher values (pH 11: data not shown) or at lower values (pH = 3). Although it is expected to have more positive charges on the surface at pH 3 at this pH the NPs were aggregated to a larger extent and the SERS effect decreased.
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Hydroxylamine Nanoparticles.
Biochemical components of Bt cell wall were identified using NPs-reduced with hydroxylamine hydrochloride. A typical SERS spectrum of the bacterial suspension in contact with NPs (Figure 8(a) [10, 27, 28] . The Raman spectrum of the hydroxylamine-reduced NPs is free from anomalous bands that can interfere with the identification of bacterial composition. Attempts of adding high concentrations of chloride ions as aggregator agent failed. The Raman spectrum of the NPs aggregated by chloride anions (Figure 8(c) ) is too rich in spectroscopic information above 1160 cm −1 to use it as background Raman spectrum for microorganism studied. The vibrational bands of Bt in this region are masked by the vibrational modes of the nanoparticles aggregated by chloride ions, and thus, the bands cannot be properly assigned (Figure 8(b) ). However, high and clear intensity vibrational bands before 1100 cm −1 can be properly assigned to bacterial components. Vibrational signals from hydroxylamine hydrochloride reduced NPs at acidic and alkaline pH values obtained in the SERS spectra interfere with the proper assignment of the vibrational modes of Bt. The high intensity anomalous bands founds on the addition of the aggregating agents and the pH-dependent ionizable functional groups that can undergo dissociation and protonation, depending on bulk solution pH values, for hydroxylamine-reduced silver colloids was previously explained by Yaffe and Blanch [31] and Kazanci et al. [16] , respectively. As a result, no modification in the nanoparticles surface with pH changes to hydroxylamine reduced NPs were necessary for a successful detection of these bacillus gram-positive bacteria. NaCl contained in the suspension of bacterial sample was sufficient to activate "hot spots" of the hydroxylamine reduced NPs leading to strong SERS signals that could be used to characterize biochemical composition of Bt.
Conclusion
The results presented demonstrate that SERS spectra obtained with Ag-NPs reduced by hydroxylamine and borohydride capped by citrate and were successfully used to spectroscopically characterize Bt. The use of colloidal suspensions of metallic NPs is favorable to enhance the SERS detection of large biological samples compared to the small size of the nanoparticles, because the electrostatic interactions that dominates the interaction of the NPs and bacterial content can occur around all the biological sample and not on one side as is the case of the Raman vibrational enhancement produced by solid metallic surfaces. The small borohydride nanoparticles used with a slightly activated "hot spots" and pH surface modifications of the NPs to more acidic pH values (7 to 3) than the pH of nanoparticles synthesis preparation (pH 9) resulted in good SERS substrates for Bt detection. High concentrations of NaCl, as 1.0 M, results in a nanoparticles oxidation and a decrease in the SERS signal. Bacterial samples suspended in low concentrations of NaCl (0.1 M) and modifications of the borohydride nanoparticles surface in a range of 5 to 9 pH values can improve SERS detection of Bt. As shown in this work, surface modifications of NPs with pH changes results in more reliable spectral information of Bt because neat Raman spectra with the modified NPs were obtained at all pH. Raman spectra obtained from NPs aggregated with NaCl presented several peaks that interfere with the bacterial identification. Hydroxylamine NPs used as SERS substrates for Bt detection resulted in good SERS substrates with a slight activation of "hot spots" using low concentrations of NaCl in which the bacteria were suspended and no pH surface modifications of the NPs were required. Results of SERS spectra of experiments with bacteria in contact with NPs at different pH values differ significantly from one another in some biomolecules and bacteria, depending on the conditions imposed to the interacting microorganisms and NPs systems. An improved interaction, as judged from higher intensity SERS signals, was obtained for NPs with slightly positive charge surface was in contact with this Gram-positive bacteria (Bt) containing the negatively charged phosphate groups of the teichoic acids transverse in peptidoglycan layer and the carboxylic groups in the dipicolinic complex of the exosporium layer of endospores. The results suggest that high signal enhancements from the bacterial cell wall and endospores components of Bt can be obtained by tailoring the conditions of SERS experiments. However, SERS effect has to be proven with the Bt protoplast and individual endospore components in order to confirm the content of the biological sample and the assignment of bands obtained from SERS experiments.
